Abstract. Second-order nonlinear optical properties of Mg-doped lithium niobate single crystals are quantitatively studied from the chemical bond viewpoint. The results show that the secondorder nonlinear optical response of Mg-doped LiNbO 3 single crystals at 1079 nm decreases linearly with increasing Mg concentration in the crystal. This linear correlation is quantitatively evaluated in the current work.
Introduction
For several decades LiNbO 3 (LN) has been of great interest for both fundamental science and applications in optics due to its large electro-optical and nonlinear optical (NLO) coefficients [1, 2] . Since LN is a typical nonstoichiometric crystal, it contains specific structural vacancies (i.e., empty oxygen octahedra) [3] and other intrinsic defects in its crystal structure [4, 5] . Therefore, various dopants ranging from the H + with valence +1 to the rare-earth cations with valence +3 can be introduced into the crystallographic frame occupying Li sites [6] . This wide range of dopants accounts for the attractive versatility for many important applications [7] . Yet, since there is a serious optical damage problem due to the photorefractive effect in LN optical devices, the search for impurities which are 'optical damage resistant' becomes technologically very important [8] . This damage problem can be greatly reduced by co-doping LN single crystals with MgO at a concentration of about 5% [9, 10] .
The defect structure and therewith-related properties of LN have been extensively studied [11, 12] ; numerous investigations concerning the lattice sites of dopants and their incorporation mechanisms [6, [13] [14] [15] have been performed. It seems to have become clear that the Li vacancy model is reasonable for describing the defect structure of nonstoichiometric LN single crystals [5] , and that dopants prefer to occupy Li sites [6, 13] -at least in the low-concentration regime (<6% molar content).
Any changes in the crystal composition will finally affect all corresponding physical properties of LN, causing e.g. changes of the linear dielectric response, i.e., the refractive indices, and changes of the second-order NLO response. Our previous experimental works have shown the important compositional influence of Mg doping in LN samples, grown from congruent melt with up to 9 mol% Mg, on the refractive indices at various wavelengths. The observed results can be excellently described by a generalized Sellmeier equation [16] . The influence of composition on the second-order NLO behaviour of Mg-doped LN single crystals has not been quantitatively investigated to date.
Our chemical bond method allows us to derive dielectric responses of crystal materials from corresponding crystallographic structures using the constructed structure-property relationship [17] . In a former work [18] , we have quantitatively studied linear and second-order nonlinear optical responses of LN at 1064 nm from the detailed crystallographic structure at room temperature [3] . In the present work, the second-order NLO behaviours of Mg-doped LN at 1079 nm will be quantitatively studied on the basis of the chemical bond viewpoint [17, 19] and the constitution-property relationship for crystal materials [20] .
Structural characteristics analysed by the bond-valence model
In recent years the electrostatic valence principle has been elaborated into the bond-valence model, an empirical theory that allows a quantitative prediction of the geometry of many inorganic compounds [19] . The theory treats a compound as an infinite network of constituent atoms linked by chemical bonds. For crystals, this can be reduced to a finite network comprising a single formula unit such as the network of LiNbO 3 , the graph of which is shown in figure 1 . Each line represents a different bond, so Li + and Nb 5+ are six coordinated and O 2− is four coordinated. Each atom i in the graph is assigned a formal charge equal to its atomic valence or oxidation state (V i ) and each bond between atoms i and j is assigned a bond valence (s ij ). The bond valences are determined by the following two network equations:
and
In the crystallographic structure of pure LN single crystals, the ideal cation stacking sequence along the c-axis is · · · −Li-Nb− −Li-Nb− − · · ·, where represents a structural vacancy (an empty octahedron) [3] . This ideal stacking sequence (constituent octahedra in pure LN) is sketched in figure 2 . However, when Mg 2+ cations are introduced as dopants into such a stacking sequence, the situation changes to a different case. A Mg ion will substitute for two Li ions occupying a Li site and forming a corresponding Li vacancy (see the planar view of the a-b plane in figure 3 ). This incorporation of Mg 2+ at Li sites was discussed by several authors [13, 15, [21] [22] [23] and has been experimentally proved to occur [15, 21] . If a few Mg ions substitute for Li (up to about 5 mol%), one will have a corresponding number of Li sites occupied by Mg and an equal number of vacancies. This results in O atoms with different environments. All will have two (5/6) valences from the Nb atoms, but they will have either two bonds to Li (sum at O = 2.00), or one bond to Li and one to Mg (sum at O = 2.17), or one bond to Mg and one vacancy (sum at O = 2.00), or one bond to Li and one vacancy (sum at O = 1.83). Further, it is possible, albeit unlikely, that there are oxygens bonded to two vacancies (sum at O = 1.67). Of course, since the sums at O are now not all exactly 2.00, the structure will relax by strengthening some bonds and weakening others until an equilibrium is reached in which the sums at O are all close to 2.00. The important criteria for selecting suitable dopants for a given crystal are the size of the atoms (Mg is similar in size to Li and only a little larger than Nb) and the bonding strength (expected bond valence). In the Mg-doped LN single crystals, the sizes are not so different, but the bonding strengths are, so substitution at the Li site gives the least disruption of the bonding framework. Since all the cations in the pure LN are six coordinated, as shown in figure 1, Li will have bonds of valence 1/6 and Nb bonds of valence 5/6. The environment of Mg in oxygen-containing compounds is nearly the same as that of Li: six coordinate, and with similar bond lengths [24] ; therefore, Mg would have bonds of 2/6 = 1/3 in the host frame. In LiNbO 3 each O atom receives two bonds from Nb and two from Li, giving a valence sum of 2(5/6) + 2(1/6) = 2.00. If one substituted Mg for Li completely, one would have the compound MgNb 2 O 6 in which half the Li sites would be vacant. In this case, the O atoms would receive 2(5/6) + 1(1/3) = 2.00. Mg-doped LN single crystals can be regarded as a mixture of the two cases; their crystal formula can be written as (LiNbO 3 )(1 − x)·(MgNb 2 O 6 )(x/2). This 'mixed case' will be the basis for all of the following calculations.
Theoretical method
The two compounds which build up the doped crystal considered here are each decomposed into a sum of single bonds according to their respective bonding situations, yielding the bondvalence equations 
As shown in the previous work [17] , the chemical bond method regards certain macroscopic physical properties of a crystal as combinations of the contributions of all constituent chemical bonds. According to the relationship between the crystal structure and the dielectric response of crystal materials, the linear and second-order nonlinear optical properties of any crystal can be calculated using the appropriate geometric sum of the respective properties of its corresponding constituent chemical bonds. On the basis of the crystallographic structure of a given crystal, its linear and second-order nonlinear optical susceptibilities χ and d ij can thus be written as
respectively. Parameters used in equations (5) and (6) , and in tables 1 and 2, include: According to Levine's model [25] the susceptibility χ µ of any bond of type µ can be expressed as
where µ p is the plasma frequency. The average covalent energy gap E µ h of a bond is given by [26, 27] 
and the average ionic gap C µ by
where exp(−k µ s r µ 0 ) is the Thomas-Fermi screening factor and b µ is a correction factor of order unity [26] taking into account the more complex true screening behaviour in crystals.
The bond charge q µ can be expressed as [17, 18] 
where ( The geometrical factors G µ ij for the contributions of the respective bond types µ to the tensor coefficients d ij are deduced from the crystal geometry:
The sum on λ is to be taken over all n µ b symmetry-equivalent bonds of type µ in the unit cell. α µ i,λ denotes the direction cosine of the λth bond of type µ in the unit cell with respect to the ith axis of the optical indicatrix; ij is the contracted form of the full set of indices ikl used in the third-rank nonlinear susceptibility tensor.
Results and discussion
According to the detailed chemical bonding situations of constituent Li, Nb, and O atoms, which are obtained from the detailed crystallographic data of LN [28] [18] . In the present calculation, data for the ordinary refractive indices n o at 1079 nm for pure and Mg-doped LN crystals (data derived from the generalized Sellmeier equation taken from reference [16] ) are used as reference values to determine the global correction factor b µ used in equation (9) as an addition to the ThomasFermi screening factor. This is necessary to get a good accuracy for the calculation of the nonlinear properties.
All calculated results for pure LN and Mg-doped LN at various doping levels are plotted in figure 4 . The influence of the Mg doping can be clearly stated: the nonlinear optical response of the material decreases linearly with increasing doping level. This is the same tendency, yet more strongly expressed, as is found for the linear optical response [16] . Our current results agree quantitatively with the reported observation of the reduction of the tensor coefficient d 31 of Mg-doped LN, which is only 79% of that of pure LN [30] .
From the current work, we can conclude that the dielectric responses (including refractive indices and second-order NLO responses) of LN crystals are very sensitive to the doped Mg 2+ cations at Li sites. This is in agreement with our previous conclusions that in the LN crystallographic frame the Li sites are the sensitive crystal lattice sites [17, 18] , at which dopants can modify the dielectric properties of LN crystals most effectively. That may be one of the reasons for the versatility of lithium niobate obtained by introducing dopants at Li sites in the crystallographic frame.
Conclusions
From the chemical bond viewpoint for crystal materials, we have studied second-order NLO properties of the Mg-doped LN crystals, at 1079 nm. The present work shows us that the second-order NLO response of the Mg-doped LN crystals decreases with increasing Mg content in the crystal lattice. We can also conclude that in LN crystals, the Li sites are the sensitive crystal lattice sites, at which dopants can affect the dielectric properties of LN crystals most effectively. Therefore, dielectric properties of LN crystals can be considerably modified by introducing various suitable dopants at Li sites.
